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Summary 28 
The formation of γ-H2AX in response to DNA double-strand breaks (DSBs) 29 
marks damaged regions for recognition and repair. Dephosphorylation of γ-H2AX is 30 
required for cells to resume cell cycle. However, the mechanisms of γ-H2AX 31 
dephosphorylation remain underexplored. Using a loss of function screen, we 32 
identified PP2A specific subunits, B56ε and α4, involved in elimination of γ-H2AX 33 
during DSBs repair process. In the early stage of DSBs repair the inhibitory subunit 34 
α4 binds and renders PP2Ac inactive. As DNA is repaired, α4 releases PP2Ac and 35 
triggers the assembly of an active PP2A B56ε holoenzyme. PP2A B56ε, which 36 
translocates from cytoplasm into the nucleus upon DNA damage, is responsible for a 37 
direct dephosphorylation of γ-H2AX. Suppression of both B56ε and α4 leads to 38 
persistence of γ-H2AX and defects in DNA repair. In contrast, the rapid clearance of 39 
γ-H2AX in human hepatocarcinoma is correlated with the over-expression of both 40 
B56ε and α4. Functional analysis reveals that PP2A B56ε coordinates with α4 in 41 
accelerating HR repair upon DNA damage. Together, these observations gain insight 42 
of how γ-H2AX dephosphorylation is kinetically regulated during DNA repair 43 
response. 44 
Keywords: γ-H2AX; α4; PP2A B56ε subunit; human cells; DNA repair45 
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Introduction 46 
Mammalian cells exposed to DNA damaging agents trigger important defensive 47 
pathways by inducing multiple proteins involved in DNA repair, cell cycle 48 
checkpoint control, protein translocation and degradation. DNA damage induces 49 
structural alterations to DNA, which can be detected by DNA repair mechanisms 50 
(Jackson, 2002). Once damage is identified, specific DNA repair molecules are 51 
recruited at or near the sites of damage, inducing other molecules to bind and form a 52 
complex that enables DNA repair (Rogakou et al., 1999). The failure to repair DNA 53 
facilitates genomic instability, which in turn may result in cell death or increase the 54 
risk of pathological consequences such as cancer development. 55 
In eukaryotic cells, the induction of DNA double-strand breaks (DSBs) in 56 
chromatin promptly initiates the phosphorylation of the histone H2A variant, H2AX, 57 
at Serine 139 to generate γ-H2AX (Rogakou et al., 1998). The phosphorylation of 58 
H2AX is critical in maintaining the genome stability (Shrivastav et al., 2008). 59 
H2AX-deficient mice display higher radiosensitivity, chromosome instability, and 60 
enhanced cancer susceptibility. In addition, these mice exhibit repair defects and 61 
impaired recruitment of DNA repair proteins including NBS1, 53BP1, and BRCA1 62 
to irradiation-induced foci (Celeste et al., 2003; Celeste et al., 2002). These 63 
observations establish a key role for γ-H2AX in the activation of DNA damage 64 
response (DDR). 65 
The phosphorylation of H2AX is one of the early events in response to DNA 66 
DSBs (Fernandez-Capetillo et al., 2004; Rogakou et al., 1998; Tomita, 2010). 67 
γ-H2AX serves as a signal to promote the recruitment of DNA repair proteins to the 68 
site of DSB, activate cell cycle checkpoints, and prevent unrepaired DNA to pass into 69 
daughter cell during replication (Kinner et al., 2008). Together with distinct histone 70 
modifications, γ-H2AX foci anchor additional DDR proteins near DSBs to complete 71 
DSBs repair (Fillingham et al., 2006; Huertas, 2010; Xu and Price, 2011). The 72 
assembly of proteins at the DSB-flanking chromatin occurs in a highly ordered 73 
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fashion, which can be achieved by regulation of protein-protein interactions triggered 74 
by a variety of posttranslational modifications (PTMs) (Kinner et al., 2008). 75 
Accordingly, the disrupted histones must be re-deposited onto DNA to restore the 76 
chromatin structure following the completion of DNA repair (Xu and Price, 2011). 77 
Although the Ser/Thr protein kinases that are responsible for γ-H2AX formation have 78 
been well studied, how γ-H2AX is eliminated in mammalian cells after DSBs 79 
rejoining and the functional consequences of persistence of phosphorylated H2AX are 80 
not clearly elucidated. However, it is clear that the removal of γ-H2AX from sites of 81 
DNA damage is tightly regulated to restore chromatin integrity of mammalian 82 
genomes upon completion of DNA repair to block the dissociation of repair proteins 83 
and release from cell cycle checkpoint (Keogh et al., 2006). H2AX phosphorylation 84 
signal is putatively removed by the joint action of histone exchange and phosphatases 85 
(Keogh et al., 2006; Kusch et al., 2004). Indeed, several lines of evidence indicate that 86 
dephosphorylating γ-H2AX is regulated by multiple phosphatases in mammalian cells, 87 
including protein phosphatase 2A (PP2A) (Chowdhury et al., 2005), PP4 (Chowdhury 88 
et al., 2008; Nakada et al., 2008), PP6 (Douglas et al., 2010) and Wip1 (Cha et al., 89 
2010). However, the comprehensive mechanistic understanding how phosphatases 90 
regulate γ-H2AX is far from complete. In this study, we focus on the dynamic 91 
regulation of PP2A on γ-H2AX dephosphorylation. 92 
Protein phosphatase 2A (PP2A) is a large family of holoenzymes that accounts 93 
for the majority of Ser/Thr phosphatase activity in eukaryotic cells (Shi, 2009). PP2A 94 
enzymes are ubiquitously expressed proteins that are implicated in diverse cell 95 
processes (Janssens and Goris, 2001). Most PP2A exists in two general forms, a 96 
heterodimeric complex of scaffolding A subunit (PR65) and a catalytic C subunit 97 
(PP2Ac subunit) and a heterotrimeric enzyme that also includes B subunits. The 98 
association of the core enzyme with a variety of regulatory B-type subunit generates 99 
many distinct holoenzymes. Four distinct B-type protein families, named as B (B55 100 
and PR55), B′ (B56 and PR61), B″ (PR72, PR130, PR59 or PR48) and B′″ 101 
(PR93/SG2NA or PR110/Striatin), have been identified. The functional diversity, 102 
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substrate specificity and sub-cellular localization of this enzyme are conferred by their 103 
distinct B-type regulatory subunit (Xu et al., 2006; Zhao et al., 1997). In addition to 104 
binding to PR65/A subunit, a small proportion of PP2Ac associates with Tap42/α4, an 105 
interaction mutually exclusive with that of PR65/A (Di Como and Arndt, 1996; 106 
Prickett and Brautigan, 2004). This interaction leads to inactivation of PP2A enzyme 107 
activity and shelters PP2Ac from degradation (Kong et al., 2009). Although it has 108 
been found that PP2A directly dephosphorylates γ-H2AX (Chowdhury et al., 2005), 109 
which specific PP2A regulatory B subunit is involved and how PP2A is regulated 110 
during the DNA DSB repair remains undefined. Here we show that γ-H2AX is a 111 
direct substrate of holoenzymes PP2A B56ε, whereas α4 plays a key role in regulating 112 
PP2A activity and formation of B56ε heretrimeric holoenzymes during DNA DSBs 113 
repair.114 
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Results 115 
Suppression of specific PP2A regulatory subunits led to persistence of γ-H2AX 116 
A prior study revealed that PP2A catalytic subunit C (PP2Ac) interacts and 117 
dephosphorylates γ-H2AX (Chowdhury et al., 2005). In consonance with this 118 
observation, suppression of the PP2A scaffolding subunit Aα results in persistent 119 
γ-H2AX expression upon camptothecin (CPT) administration. To identify specific 120 
PP2A holoenzymes involved in γ-H2AX dephosphorylation, we performed a 121 
loss-of-function screen in immortal human embryonic kidney cells (HEK cells) 122 
expressing SV40 LT and the telomerase catalytic subunit (hTERT). We generated a 123 
series of stable HEK cell lines by infecting cells with lentivirally delivered short 124 
hairpin RNAs (shRNAs) specific for each of PP2A B regulatory subunits. HEK 125 
SHGFP cells expressing a shRNA targeting GFP (shGFP) were used as a control. To 126 
eliminate the contribution of off-target effects, we selected two independent shRNAs 127 
that targeted different sequences in each of PP2A regulatory subunit. The suppression 128 
of PP2A subunits by shRNAs was confirmed by immunoblotting analysis (Fig. 1A 129 
and Fig. S1A). Importantly, suppression of individual PP2A B subunits such as B55α, 130 
B56γ, or B56ε, did not affect the stability of other PP2A subunits (Fig. S2A), 131 
indicating that the generated cell lines allow us to assess the effects of knockdown of 132 
individual PP2A subunit. 133 
We next assessed how suppression of individual PP2A B regulatory subunit 134 
affects regulation of γ-H2AX by analyzing γ-H2AX levels in HEK cells expressing 135 
PP2A shRNAs after CPT treatment. The amount of γ-H2AX in HEK cells expressing 136 
shGFP attenuated rapidly and was almost at the basal level at 16 h after CPT 137 
treatment. On the other hand, γ-H2AX was not cleared even after 16 h in HEK cells 138 
expressing shB55α, shB56ε, or shα4 (Fig. 1B). The similar results were observed in 139 
HepG2 cells after suppression of PP2A B55α, B56γ, B56ε, or α4 cells (Fig. S3A). We 140 
also revealed sustained γ-H2AX expression in HEK SHB55α, SHB56ε, and SHα4 141 
cells after treatment with another DNA damaging agent, 142 
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N-methyl-N′-nitro-N-nitrosoguanidine (MNNG) (Fig. S1B). In contrast, suppression 143 
of PP2A B56γ led to a decreased amount of γ-H2AX (Fig. 1A). Therefore, we found 144 
that in addition to PP2A Aα, suppression of B55α, B56ε, or α4 subunit resulted in 145 
persistence of γ-H2AX compared to cells expressing shGFP (Fig. 1A). 146 
To confirm the results of immunoblotting analysis, we examined the number of 147 
γ-H2AX foci in HEK cells expressing PP2A shB55α, shB56γ, shB56ε, or shα4 at 148 
different time points following CPT treatment by immunofluorescence assay. We 149 
found that depletion of B56γ significantly decreased the number of γ-H2AX foci and 150 
attenuated foci intensity (P<0.01) at both 2 h and 12 h after CPT treatment. As shown 151 
in Fig.1C, suppression of B55α resulted in a significant increase in number of 152 
γ-H2AX foci (P<0.05) at both 2 h and 12 h after CPT treatment compared with 153 
SHGFP cells, consistent with our previous observations showing that B55α is directly 154 
involved in regulation of ATM phosphorylation (Kalev et al., 2012b). 155 
The different kinetics was observed in HEK cell lines expressing shB56ε or shα4. 156 
Although the number of γ-H2AX foci in HEK cell lines expressing shGFP, shB56ε, or 157 
shα4 was similar at 2 h after CPT removal, the foci clearance was dramatically 158 
delayed in cells with suppressed expression of B56ε or α4 (Fig. 1C). Taken together, 159 
these observations indicate that level of γ-H2AX after DNA DSBs is regulated by 160 
specific PP2A holoenzymes. Moreover, the kinetics of γ-H2AX foci suggests that 161 
PP2A B56ε or α4 may regulate the clearance of γ-H2AX foci. 162 
 163 
PP2A B56ε holoenzyme is responsible for γ-H2AX dephosphorylation 164 
The prolonged kinetics of γ-H2AX in cells with suppressed expression of B56ε or 165 
α4 suggests that PP2A B56ε or α4 regulatory subunits may contribute to γ-H2AX 166 
dephosphorylation. To test this idea, we transiently expressed HA-tagged B55α, B56γ, 167 
B56ε, and α4 in 293FT cells and performed co-immunoprecipitation (co-IP) assays 168 
using HA-specific antibody. Consistently to our hypothesis, we found that both PP2A 169 
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B56ε and α4 were in complex with γ-H2AX and PP2A catalytic subunit Cα (PP2Ac) 170 
(Fig. 2A). We also detected these interactions between endogenous proteins in 171 
CPT-treated cells by isolating the nuclear fractions and performing a set of reciprocal 172 
co-IPs (Fig. 2B). Strikingly, the substitution of Ser139 of H2AX to alanine 173 
(Mut-H2AX) completely abolished the interaction with Aα, B56ε, PP2Ac, or α4, 174 
indicating that PP2A complexes specifically interact with γ-H2AX, but not with 175 
non-phosphorylated H2AX (Fig. 2C). 176 
Previous studies have demonstrated that PP2A B56ε localized mostly in the 177 
cytoplasm (McCright et al., 1996; Strack et al., 1998). Therefore, we determined how 178 
DNA damage affects cellular localization of PP2A B56ε. Immunofluorescent analysis 179 
of HA-tagged B56ε revealed that in HEK SHGFP cells treated with vehicle DMSO 180 
B56ε was primarily localized in the cytoplasm, whereas CPT treatment triggered its 181 
translocation from the cytoplasm to the nucleus. In contrast, we did not observe any 182 
re-localization of B55α or B56γ (Fig. 2D) in cells treated with CPT. We also 183 
examined the presence of PP2A B56ε in nuclear and cytoplasmic fractions isolated 184 
from CPT-treated HEK cells. As shown in Fig. 2E, the amount of B56ε in the nuclear 185 
fraction increased 2-fold at 1 h and remained at high level at 5 h and 10 h after CPT 186 
treatment. Correspondingly, the level of PP2A B56ε in cytoplasmic fraction decreased 187 
at 5 h after addition of CPT. In contrast, the sub-cellular localization of PP2A B55α, 188 
B56γ, and α4 remained unchanged (Fig. 2D, E). 189 
We next analyzed co-localization between B56ε and γ-H2AX during DNA 190 
repair response by counting the total number of γ-H2AX foci and the number of the 191 
foci where γ-H2AX and B56ε co-localized. We found that the number of merging dots 192 
was 4.3±2.2% 1 h after CPT treatment removal, while 5 h upon DNA damage it 193 
increased up to 54.0±10.1%. In contrast, we failed to detect co-localization of B55α 194 
or B56γ with γ-H2AX. Taken together, these observations indicate that γ-H2AX might 195 
be a direct target of holoenzyme PP2A B56ε. 196 
 197 
Jo
ur
na
l o
f C
el
l S
ci
en
ce
A
cc
ep
te
d 
m
an
us
cr
ip
t
  10
α4 is essential for recruitment of PP2A B56ε by γ-H2AX 198 
The findings that γ-H2AX clearance is sustained in α4-depleted cells and α4 199 
forms a complex with γ-H2AX suggest that α4 may regulate PP2A-attributable 200 
γ-H2AX dephosphorylation. To test this hypothesis, we assessed the order by which 201 
different components of PP2A complexes are recruited to γ-H2AX in the course of 202 
DSB repair response as well as PP2A-attributable phosphatase activity at different 203 
time points after DNA damage. 204 
We found that 1 h after CPT treatment PP2Ac interacted with α4, but not with 205 
γ-H2AX, suggesting that binding α4 to PP2Ac took place before recruitment to 206 
γ-H2AX foci. 5 h upon CPT treatment, both α4 and PP2Ac formed a complex with 207 
γ-H2AX (Fig. 3A), indicating that α4/PP2Ac complex is recruited to γ-H2AX foci in 208 
the course of DNA repair. Importantly, we found that α4 bound PP2Ac and γ-H2AX 209 
in the absence of A- and B-subunits (Fig. 2B) that is in consonance with a previous 210 
study (Nanahoshi et al., 1999). Moreover, 10 h upon CPT treatment α4 is dissociated 211 
from γ-H2AX. 212 
PP2A regulatory B56ε subunit demonstrated a different kinetics of interaction 213 
with γ-H2AX. In contrast to α4, PP2A B56ε formed a complex with γ-H2AX mainly 214 
at 5 h after CPT removal (Fig. 3A), indicating that the assembly of PP2A B56ε 215 
holoenzyme at γ-H2AX foci occurs at late stages of DSB repair (Fig. 3A). The later 216 
observation also suggests α4 may play an essential role in regulating the assembly of 217 
PP2A complexes, as it has been previously described (Prickett and Brautigan, 2004). 218 
To test this idea, we examined how α4 affected the formation of PP2A B56ε 219 
holoenzymes and their recruitment by γ-H2AX. We found that suppression of α4 did 220 
not affect B56ε translocation from cytoplasm to nucleus upon DNA damage (Fig. 221 
3C). However, we found that α4 depletion significantly impaired the interaction 222 
between γ-H2AX and both PP2A Aα and B56ε subunits (Fig. 3D). These 223 
observations indicate that the defects of α4 abolish the recruitment of PP2A B56ε 224 
holoenzyme to γ-H2AX foci, suggesting that dissociation of α4 from 225 
Jo
ur
na
l o
f C
el
l S
ci
en
ce
A
cc
ep
te
d 
m
an
us
cr
ip
t
  11
γ-H2AX/PP2Ac complexes may facilitate the assembly of PP2A B56ε-specific 226 
heterotrimeric holoenzymes. 227 
In parallel, we detected PP2A-attributable phosphatase activity using 228 
mononucleosomes containing γ-H2AX as a substrate (Fig. 3B, top left lane) in 293FT 229 
cells at different time points after CPT removal. We found that PP2A activity was 230 
reduced by 36.4±4.7% at 1 h, but increased by 102.3±7.9% at 5 h compared to control 231 
cells. Finally, 10 h after DNA damage PP2A activity was similar to what was 232 
observed in untreated cells (Fig. 3B). Decreased PP2A phosphatase activity in the 233 
nucleus at early stages of DNA repair could be explained by the increased interaction 234 
between α4 and PP2Ac at 1 h upon DNA damage, as α4 is known to inhibit PP2A 235 
activity (Kong et al., 2009). On the other hand, increased PP2A activity 5 h after CPT 236 
removal correlates to the assembly of catalytically active PP2A B56ε holoenzymes 237 
(Fig. 3A). Notably, the formation of active PP2A B56ε complexes and enhanced 238 
PP2A activity (Fig. 3A) are correlated with the rapid decline of γ-H2AX (Fig. 1B). 239 
Taken together, these results strongly implicate both α4 and B56ε in regulation of 240 
γ-H2AX dephosphorylation.  241 
 242 
PP2A B56ε and α4 are involved in DSB repair 243 
The roles of α4 and B56ε in dephosphorylation of γ-H2AX suggest their 244 
contributions in regulating DNA repair response. To address this issue, we measured 245 
the persistence of DSB in CPT-treated HEK cells expressing shRNAs specifically 246 
targeting B56ε or α4 using the neutral single-cell gel electrophoresis assay (Comet 247 
assay). As a result, 12 h after CPT treatment removal, the Tail Moment values were 248 
significantly higher in HEK cells expressing either shB56ε or shα4 than in control 249 
cells. In contrast, the Tail Moment value in HEK SHB56γ was significantly lower 250 
than in control cells (P<0.01) (Fig. 4A).  251 
In addition to Comet assay, we performed cytokinesis-block micronucleus assay 252 
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(CBMN) to examine the degree of DNA damage and genome instability by measuring 253 
the frequencies of micronuclei formation upon DNA damage. The formation of 254 
micronuclei is the result of chromosome breakage and loss due to un-repaired or 255 
mis-repaired DNA lesions or chromosome malsegregation due to mitotic malfunction 256 
(Fenech, 2002). We found that the frequencies of micronuclei in 1000 binucleated 257 
cells in response to mitomycin C (MMC) treatment increased by 40.1±6.4% or 258 
52.0±3.9%, respectively in HEK SH56ε (P<0.01) or HEK SHα4 (P<0.05) cells 259 
compared to control cells (Fig. 4B), indicating that suppression of B56ε or α4 confers 260 
hypersensitivity to DNA damage and increased genome instability. 261 
We next examine how B56ε or α4 affects two major pathways for DSBs repair, 262 
homologous recombination (HR) and non homologous end joining (NHEJ) (Sonoda et 263 
al., 2006). To this end, we tested HR-mediated I-SceI-induced DSB repair in 293 264 
DR-GFP cells and NHEJ-mediated repair of a linearized GFP reporter construct. We 265 
found that suppression of B56ε decreased the efficiency of HR repair, but had little 266 
effect on NHEJ repair. In parallel, suppression of α4 inhibits both HR and NHEJ 267 
DNA repair, suggesting that α4 may contribute to DNA repair by regulating formation 268 
of several PP2A complexes in addition to B56ε specific complexes. In contrast, the 269 
deficiency of B56γ had no obvious effect on both HR and NHEJ repair pathways (Fig. 270 
4C, D). These results indicate that loss of B56ε or α4 impair DNA repair by affecting 271 
HR and/or NHEJ repair pathways. 272 
Inhibition of DNA repair observed in B56ε- or α4-depleted cells also suggests 273 
that these cells are highly sensitive to DNA damage. Indeed, we found that 274 
suppression of PP2A B56ε or α4 resulted in decreased cell viability in response to 275 
CPT, MNNG, or MMC treatment (Fig. S2B). Similar results were found when we 276 
analyzed cell viability of a human hepatoma HepG2 cells expressing shRNAs 277 
targeting PP2A B56ε or α4 (Fig. S3B). Together, these observations indicate that 278 
dysregulation of γ-H2AX dephosphorylation due to loss of particular PP2A regulatory 279 
subunits impair DNA repair. 280 
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 281 
PP2A B56ε cooperates with α4 to control HR DNA repair 282 
   To further address the role of B56ε and α4 on DNA repair, we generated HEK 283 
cells stably expressing α4, B56ε, or both α4 and B56ε. We confirmed 284 
overexpression of α4 and B56ε by immunoblotting analysis (Fig. 5A). In addition, 285 
we found that the up-regulation of B56ε or α4 displayed no change on γ-H2AX 286 
clearance after CPT treatments. However, immunoblotting analysis revealed that the 287 
γ-H2AX clearance in HEK-B56ε-α4 cells was greatly improved compared to that in 288 
HEK-vector cells (Fig. 5B), indicating that B56ε and α4 may cooperate in rapid 289 
dephosphorylation of γ-H2AX upon DNA damage. Consistent with these findings, 290 
we found that the Tail Moment values were significantly lower in HEK-B56ε-α4 291 
cells than HEK-vector cells at 12 h after CPT treatment removal (P<0.05) (Fig. 5C), 292 
implying that B56ε and α4 work together in promoting the DNA repair.  293 
To further clarify the role of B56ε and α4 in modulating DSB repair, we 294 
examined the effects of B56ε and α4 over-expressions on two major pathways of 295 
DSB repair, NHEJ and HR. We found that simultaneous overexpression of both 296 
B56ε and α4 led to a 71.7±8.3% increase in HR repair, but had no impact on the 297 
NHEJ repair. In addition, over-expression of individual PP2A subunit had no 298 
obvious effects on either HR, or NHEJ repairs (Fig. 5D, E). Together, these results 299 
support the notion that B56ε and α4 cooperate to facilitate HR DNA repair pathway. 300 
 301 
Expression of PP2A B56ε and α4 in carcinogen-transformed cells and human 302 
cancers 303 
    The contribution of B56ε and α4 in γ-H2AX dephosphorylation suggests the 304 
role of these PP2A subunits in cancer development and progression. Therefore, we 305 
determined how B56ε or α4 affected DNA repair response in 306 
carcinogen-transformed cells. Consistent with our previous findings that α4 is highly 307 
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expressed in carcinogen-transformed human cells and primary human cancers (Chen 308 
et al., 2011), we found that the expressions of α4 in L02RT-AFB1 cells were 309 
significantly increased compared to L02 cells (Fig. 6A). Notably, we found that 310 
PP2A B56ε was over-expressed in transformed cells L02RT-AFB1 (Fig. 6A). 311 
Immunoblotting analysis of γ-H2AX after treatment of hepatic cells with CPT 312 
revealed that γ-H2AX clearance in L02RT-AFB1 cells was much faster than that in 313 
L02 cells (Fig. 6B). We speculate that high levels of B56ε and α4 may be associated 314 
with rapid dephosphorylation of γ-H2AX upon DNA damage. To further define the 315 
role of B56ε and α4 in regulation of γ-H2AX, we introduced shRNAs that target 316 
B56ε or α4 into L02 and L02RT-AFB1 cells. We showed that the suppression of 317 
B56ε or α4 led to a substantial accumulation of γ-H2AX after CPT treatment. In 318 
particular, the difference in γ-H2AX levels between untreated- and CPT 319 
treated-L02RT-AFB1 cells were more pronounced compared to L02 cells (Fig. S4), 320 
suggesting that up-regulation of B56ε and α4 may facilitate the rapid γ-H2AX 321 
dephosphorylation. More importantly, we showed that 12 h after CPT treatment 322 
removal, the Tail Moment values were significantly lower in L02RT-AFB1 cells than 323 
in L02 cells (P<0.05) (Fig. 6C).  324 
Moreover, when we determined the expression of B56ε and α4 in 14 paired 325 
human primary hepatocellular carcinoma (HCC) and matched adjacent non-tumor 326 
tissues, we found overexpression of α4 (13/14) and B56ε (10/14) appearing in HCC 327 
specimens. In contrast, the γ-H2AX expression in HCC tissues was down-regulated 328 
comparing to the matched adjacent non-tumor tissues (Fig. 6D). We speculate that 329 
the over-expression of the PP2A subunits may play a role in the rapid clearance of 330 
γ-H2AX in malignant carcinoma cells. Taken together, these findings indicate that 331 
up-regulation of B56ε and α4 may facilitate fast repair of DNA damage lesions in 332 
tumor cells. 333 
Since dephosphorylation of γ-H2AX is one of rate-limiting factors involved in 334 
recovery from DNA damage induced cell cycle arrest (Bartek and Lukas, 2007), we 335 
examined whether cell cycle was affected in cells expressing α4, or B56ε, or both α4 336 
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and B56ε. CPT is a topoisomerase inhibitor and forms topoisomerase I cleavage 337 
complexes, which are converted into DNA DSB through DNA replication 338 
(Strumberg et al., 2000). Thus, it activates a replication checkpoint in the S-phase 339 
(Shao et al., 1999). Consistent with previous studies, we observed that S-phase arrest 340 
in HEK-vector cells at 8 h after CPT removal, while no obvious changes in 341 
CPT-triggered S-phase arrest in HEK-α4 or HEK-B56ε cells. However, ectopic 342 
expression of both B56ε and α4 significantly facilitated S-G2 phase transition (Fig. 343 
6E), suggesting that high levels of both B56ε and α4 are required for accelerating the 344 
release from S phase arrest during DSBs repair. Taken together, these findings 345 
demonstrate that the B56ε and α4 function collaboratively in promotion of the DSB 346 
repair and confer cells with a fast cell growth state.347 
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Discussion 348 
Reversible phosphorylation plays critical roles in numerous cellular events, 349 
including the response to DNA double-strand breaks (DSBs). The formation of 350 
γ-H2AX triggers recruitment of DNA repair proteins to the sites of DSBs 351 
(Fernandez-Capetillo et al., 2002; Kolas et al., 2007; Melander et al., 2008; Stucki et 352 
al., 2005; Stucki and Jackson, 2006), whereas the elimination of γ-H2AX is required 353 
for dissociation of repair proteins and recovery from cell cycle checkpoint arrest 354 
(Keogh et al., 2006). Although several types of phosphatases have been shown to be 355 
directly involved in γ-H2AX dephosphorylation (Chowdhury et al., 2005; Chowdhury 356 
et al., 2008; Douglas et al., 2010; Keogh et al., 2006), our data strongly indicate that 357 
γ-H2AX was found predominantly in complexes with PP2Ac (data not shown), 358 
highlighting the importance of PP2A in control of γ-H2AX clearance. Here we 359 
investigate the roles for specific PP2A regulatory subunits in dynamic regulation of 360 
γ-H2AX removal. 361 
We found that suppression of PP2A B subunits, B55α and B56ε, and the PP2A 362 
regulating protein α4 leads to the persistence of γ-H2AX, implicating that these 363 
specific PP2A subunits in regulation of DNA DSB repair. In our previous study, we 364 
revealed that B55α subunit is responsible for increased phosphorylated ATM and the 365 
activation of kinase CHK2 that leads to cell cycle arrest and the suppression of 366 
BRCA1 and RAD51 (Kalev et al., 2012a). On the other hand, in this report, our 367 
results strongly indicate that B56ε and α4 function in a tightly controlled manner 368 
during DSBs repair to regulate timely dephosphorylation of γ-H2AX. This confirms 369 
that distinct PP2A heterotrimeric complexes contribute to DDR by targeting multiple 370 
substrates in a spatially- and temporally-specific manner. In addition, PP2A B56γ 371 
previously has been shown to be crucial for activating p53 during DNA damage 372 
response (Shouse et al., 2011). Consistently, here we revealed that PP2A B56γ subunit 373 
suppression led to a rapid γ-H2AX dephosphorylation. However, there is no evidence 374 
supporting an idea that B56γ directly regulates the process of γ-H2AX 375 
dephosphorylation. It is possible that PP2A B56γ depletion perturbs the composition 376 
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of other PP2A B56 subunits (Chen et al., 2004), leading to the alteration of the 377 
assembly of PP2A complexes and the rate of γ-H2AX clearance. 378 
Our results suggest that PP2A B56ε-containing holoenzymes directly 379 
dephosphorylate γ-H2AX, whereas PP2A B56ε-deficient cells exhibited impaired HR 380 
DNA repair and hypersensitivity to DNA damaging agents. Consistently with our 381 
results, a previous study also demonstrated that PP2A B56ε protects cells from 382 
CPT-induced apoptosis (Jin et al., 2010). Moreover, a recent report identified a link 383 
between B56ε and human soft tissue sarcoma. It was revealed that ε-SNP2, a SNP 384 
located in the third intron of B56ε, associates with increased risk of human soft tissue 385 
sarcoma. Although it remains unclear how ε-SNP2 affects activity of PP2A B56ε 386 
complexes, it raises the possibility that B56ε plays an important role in DNA repair 387 
response (Grochola et al., 2009). Suppression of the cellular regulator α4 also impairs 388 
DSBs repair (Sents et al., 2013). Prior work demonstrated that α4 plays an essential 389 
role in regulating the assembly and maintenance of PP2A complexes by stabilizing the 390 
free PP2Ac (Kong et al., 2009; Kong et al., 2004). Recent study also showed that α4 391 
promotes assembly of an adaptive PP2A complex containing B55α subunit upon 392 
glutamine deprivation (Reid et al., 2013). The structure of Tap42/α4 reveals that the 393 
highly conserved domain of Tap42 (the yeast α4-homologue) possesses an 394 
all-α-helical structure and functions as adaptors and scaffolds, which suggests 395 
mechanisms by which PP2Ac substrate specificity and ubiquitination is regulated 396 
(McConnell et al., 2010; Smetana et al., 2006; Trockenbacher et al., 2001; Yang et al., 397 
2007). 398 
Our prior work identified that α4 contributes to carcinogen-induced 399 
transformation. The reduction of PP2A activity due to enhanced α4-PP2Ac interaction 400 
contributes directly to chemical carcinogen-induced tumorigenesis (Chen et al., 2011). 401 
The catalytic subunits of the protein serine/threonine phosphatase 2A-like family (PP4 402 
and PP6) also form complexes with α4 (Kloeker et al., 2003) and the depletion of α4 403 
leads to progressive loss of all PP2A, PP4, and PP6 phosphatase complexes (Kong et 404 
al., 2009), suggesting that the role of α4 in regulation of numerous biological 405 
Jo
ur
na
l o
f C
el
l S
ci
en
ce
A
cc
ep
te
d 
m
an
us
cr
ip
t
  18
processes. Here we demonstrate that the interaction between α4 and PP2Ac not only 406 
prevent PP2Ac from degradation but also facilitate assembly of PP2A B56ε 407 
heterotrimeric complexes associated with γ-H2AX.  408 
γ-H2AX is commonly used as a biomarker of cellular response to DSBs and in 409 
monitoring DNA damage and repair(Valdiglesias et al., 2013) and as a 410 
pharmacodynamic marker for monitoring effects of radionuclide therapy in clinical 411 
studies (Guzi et al., 2011; Rothkamm and Lobrich, 2003). We found low level of 412 
γ-H2AX in chemical carcinogen-transformed human cells and human primary 413 
hepatocellular carcinomas. Importantly, low levels of γ-H2AX in these cells are 414 
associated with high expression of B56ε and α4, suggesting that rapid 415 
dephosphorylation of γ-H2AX in both B56ε-α4 over-expressed cells promotes DNA 416 
repair and allows cells to escape from chemical-induced cell cycle checkpoint arrest. 417 
In fact, transformed malignant cells exhibit high levels of γ-H2AX caused by 418 
endogenous DSBs due to dysfunctional telomeric DNA damage, hypoxia, reactive 419 
oxygen species (ROS), or replication stress (Harding et al., 2011; Murnane, 2010; 420 
Nabb et al., 2006). The maintenance of the key factors of DNA repair is crucial in 421 
promoting cell survival of tumors cells (Abbotts et al., 2014). With respect to 422 
γ-H2AX, we speculate that the temporal- and spacial-regulation of γ-H2AX 423 
dephosphorylation are crucial to control the rate of DSBs repair. The dysregulation 424 
of PP2A activity or complex composition that leads to a rapid γ-H2AX 425 
dephosphorylation may facilitate survival of tumor cells. 426 
In summary, we found that PP2A B56ε is responsible for dephosphorylation of 427 
γ-H2AX during DSB repair. PP2Ac is recruited to γ-H2AX in complex with α4, and 428 
the subsequent release of PP2Ac from α4 leads to the assembly of activated PP2A 429 
B56ε holoenzymes. Loss of either PP2A B56ε or α4 leads to defects in DNA repair 430 
that promotes genomic instability. These findings provide new insights into the 431 
mechanisms that regulate the repair of DNA damage and elucidate the roles of 432 
specific phosphatase complexes in DNA damage responses.433 
Jo
ur
na
l o
f C
el
l S
ci
en
ce
A
cc
ep
te
d 
m
an
us
cr
ip
t
  19
MATERIAL AND METHODS 434 
Reagents and Antibodies  435 
Mitomycin C (MMC) and complete protease inhibitor cocktail tablets were 436 
purchased from Roche. Hydroxyurea (HU), Camptothecin (CPT), 437 
N-methyl-N'-nitro-N-nitrosoguanidine (MNNG), and cytochalasin B (cyt-B) were 438 
obtained from Sigma-Aldrich (St. Louis, MO, USA). The following antibodies were 439 
used: mouse anti-γ-H2AX (clone JBW301), rabbit anti-H2AX and mouse anti-PP2A 440 
Cα (clone 1D6) (Upstate Biotechnology, NY), rabbit or mouse anti-HA tag (Cell 441 
Signaling Technology, Danvers, MA, USA), rabbit anti-PPP4C and -PPP6C (Bethyl 442 
Laboratories, Montgomery, TX, USA), rabbit polyclonal anti-α4, B56α, and B56β 443 
(Novus, Littleton, CO), rabbit anti-B55γ, PR130 PR110, and PTPA (Proteintech 444 
Group, Chicago, IL, USA), and rabbit anti-B55δ and PR93 (Gene Tex, Irvine, CA, 445 
USA). The B55α, B56ε, B56γ and B56δ polyclonal antibody were prepared as 446 
previously described (Chen et al., 2005). 447 
 448 
Cell lines and establishment of stable cell lines 449 
Human embryonic kidney cells expressing Simian Virus 40 LT antigen (LT) and 450 
the telomerase catalytic subunit (hTERT) (HEK cells) were generated as described 451 
previously (Hahn et al., 1999). 452 
The pLKO.1-puro shGFP and pLKO.1-puro vectors containing short hairpin 453 
RNA (shRNA) targeting specific PP2A subunits (Table S1) were provided by the 454 
RNAi Consortium (Moffat et al., 2006). To create a HA-tagged version of 455 
PP2Asubunits, we performed PCR with specific primers (Table S2) to generate 456 
retroviral vectors, pBabe-HA-B55α, pBabe-HA-B56γ, pBabe-HA-B56ε, and 457 
pBabe-HA-α4.  458 
 459 
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Cell proliferation assays 460 
To measure cell proliferation，2×104 cells were plated in triplicate and harvested 461 
at the indicated time. The number of cells was determined by a Z2 Particle Count 462 
and Size Analyzer (Beckman-Coulter, Miami, FL). Cell viability was measured by 463 
MTT assay, 8×103 cells per well were seeded on a 96-well plate in quadruplicates for 464 
24 h, and treated with various concentrations of DNA damage agents, then cultured 465 
for an additional 24 h. Cell Proliferation kit (WST-1) was used for the assay 466 
according to the manufacturer’s protocol. 467 
 468 
Separation of cytoplasmic and nuclear fractions 469 
Cells were resuspended in a hypotonic buffer [20 mM Tris-HCl (pH 7.2), 15 470 
mM KCl, 2.5 mM MgCl2, 0.05% NP-40 and mixed protease inhibitors] on ice for 10 471 
min, and suctioned with a needle. The homogenate was then centrifuged at 3,000×g 472 
for 5 min at 4°C. The supernatants were collected and the nuclear pellets were 473 
resuspended in extraction buffer [50 mM Tris-HCl (pH 7.8), 150 mM KCl, 5 mM 474 
MgCl2, 250 mM sucrose and mixed protease inhibitors], followed by a micrococcal 475 
nuclease (MNase) (Takara) digestion for 15 min at 37°C. The nuclear extracts were 476 
placed on top of a cushion containing 0.88 M sucrose in the extraction buffer. The 477 
mixture was centrifuged at 16,000×g for 15 min and soluble nuclear fraction was 478 
collected.  479 
 480 
Immunoblotting and co-immunoprecipitation 481 
The frozen tissue samples were pulverized by mortar and pestle in liquid 482 
nitrogen, and reconstituted in ice-cold RIPA lysis buffer [150 mM NaCl, 483 
1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, and 50 mM Tris (pH7.4)] 484 
containing protease inhibitors for 30 min. The lysates were centrifuged at 12,000×g 485 
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for 20 minutes at 4°C.  486 
For analysis of γ-H2AX levels, cells were lysed directly on the plate using 487 
2×SDS sample buffer [125 mM Tris-base, 138 mM SDS, 10% β-mercaptoethanol, 488 
20% glycerol, bromophenol blue (pH 6.8)]. For immunoprecipitation analysis, 2-3 489 
mg nuclear fractions were incubated with specific antibodies at 4°C overnight. 100 490 
μl of prewashed 1:1 slurry of protein G sepharose was added to the mixture and 491 
incubated for additional 2 h. The protein G beads/protein complexes were washed 492 
three times and eluted in 2×SDS loading buffer, followed by SDS-PAGE and 493 
immunoblotting. 494 
 495 
Mononucleosome preparation 496 
Mononucleosomes containing human γ-H2AX were prepared as described 497 
(Barsoum and Varshavsky, 1985). Briefly, 293FT cells were treated with 2 μM CPT 498 
for 1 h. The cell pellets were resuspended and washed twice in ice-cold buffer A (20 499 
mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM 500 
DTT, 1 mM PMSF, and 10 mM NEMI), and centrifuged at 600×g for 5 min. The 501 
nuclear pellet was resuspended in buffer B (20 mM HEPES, 10 mM KCl, 1.5 mM 502 
MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM DTT, and 2 mM CaCl2) followed by 503 
the addition of micrococcal nuclease and digestion at 37°C for 30 min. The digestion 504 
was stopped by 1 mM EGTA and centrifuged at 600×g for 5 min. The precipitate 505 
was resuspend in nuclear extraction buffer (20 mM HEPES, 420 mM NaCl, 1.5 mM 506 
MgCl2, and 0.2mM EGTA) for 1 h on ice, then centrifuged at 1000×g for 5 min. 507 
After that, the dilution and equilibration buffer (20 mM HEPES, 1.5mM MgCl2, 0.2 508 
mM EGTA, and 25% glycerol) was added to the supernatant followed by 509 
centrifugation. The supernatant was collected as mononucleosomes and storage at 510 
-80°C. 511 
 512 
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Detection of PP2A-attributable protein phosphatase activity  513 
PP2A activity was measured using a Ser/Thr Phosphatase Assay Kit (Millipore, 514 
Billerica, MA) with modification. Briefly, 500 μg of nuclear fraction were incubated 515 
with antibody against PP2Ac at 4°C overnight. Then 35 μl 50% protein G sepharose 516 
beads were added and incubated at 4°C for additional 2 h. The beads were washed 517 
with phosphate buffer solution before incubation with mononucleosome substrates. 518 
The samples were centrifuged briefly, and 25 μl samples were transferred into a well 519 
of a 96-well microtiter plate. A detection solution containing malachite green (100 μl) 520 
was added and incubated for 15 min at RT. A colorimetric assay was made by reading 521 
at 630 nm in a microtiter plate reader. Absorbance values of samples were compared 522 
with negative controls containing no enzyme and a freshly prepared phosphate 523 
standard. Specific activity was determined as the amount of picomoles of phosphate 524 
released per minute per microgram of protein. 525 
 526 
Laser scanning confocal microscopy analysis 527 
HEK cells (1×105) were seeded and grown overnight on coverslips and fixed in 528 
4% formaldehyde for 15 min and permeabilized in 0.2% Triton X-100. The cells 529 
were then incubated in blocking solution (3% FBS in PBS) for 30 min at 37°C and 530 
followed by incubation with specific antibodies overnight. Alexa Fluor 488 and 531 
Alexa Fluor 594-conjugated IgG second antibody (1:1000) was incubated for 1 h. 532 
The slides were counter-stained with 4',6-Diamidino-2-phenylindole (DAPI, 1 μg/ml) 533 
and observed under a LSM510 META laser scanning confocal microscope (Leica 534 
TCS SP5) with ×200 magnification.. 535 
 536 
Neutral Comet assay 537 
Cells were treated with CPT (2 μM) or DMSO for 1 h and recovered for 538 
indicated time points. Cells at a density of 5×104 cells/ml were mixed gently with 539 
Jo
ur
na
l o
f C
el
l S
ci
en
ce
A
cc
ep
te
d 
m
an
us
cr
ip
t
  23
pre-melted low-temperature-melting agarose at a volume ratio of 1 to 10 (v/v) and 540 
spread on glass slides. Slides were subsequently placed in a pre-cooled lysis buffer 541 
(2 M NaCl, 30 mM Na2EDTA, 10 mM Tris-HCl, 1% Triton X-100, and 10% DMSO, 542 
pH 8.0) at 4°C for 1 h. After lysis, the slides were equilibrated in an alkaline rinse 543 
solution (0.3 M NaOH, 1mM EDTA), electrophoresed at 0.7 V/cm for 20 min and 544 
stained with PI. Comet images were examined at 200× magnifications using a 545 
fluorescence microscope (Nikon, ECLIPSE Ti) and digitized. The tail moment 546 
values (TM) were quantified under microscope and analyzed by Comet Score 547 
software (Freeware v1.5). 548 
 549 
Cytokinesis-block micronucleus assay (CBMN) 550 
Duplicate cultures of HEK cells were treated with 0.08 μg/ml MMC for 24 h, 551 
then cytokinesis was blocked with 6 μg/ml of cytochalasin B (cyt-B) for 36 h before 552 
harvest. After hypotonic treatment, the cells were fixed with 3:1 methanol/glacial 553 
acetic acid, dropped onto a clean microscopic slide, air-dried and stained with 3% 554 
Giemsa solution in 0.075 M PBS (pH 6.8). All slides were chilled and scored blindly 555 
by an experienced scorer. A total of 1000 binucleated (BN) cells for each subject 556 
were examined microscopically for micronuclei (MN) according to the scoring 557 
criteria outlined by HUMN Project (Kanaar and Hoeijmakers, 1998). 558 
 559 
Non-homologous end joining (NHEJ) and homologous recombination (HR) 560 
DNA repair assays 561 
For NHEJ, HEK 293T cells were transfected with vectors encoding respective 562 
shRNAs against GFP and α4 or B56ε, then selected with puromycin for 24 h. 563 
Following puromycin selection, cells were co-transfected with pBabe-GFP linearized 564 
by Hind III together with pBabe-HcRed plasmid. The efficiency of NHEJ was 565 
assessed by the number of GFP/HcRed-positive cells 48 h after transfection by flow 566 
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cytometry analysis using a FACSCanto (BD biosciences). 567 
HR DNA repair efficiency was analyzed using 293 DR-GFP cells, which 568 
contain a stably integrated copy of the transgenic reporter DR-GFP (Weinstock et al., 569 
2006). 293 DR-GFP cells were transfected with specific shRNAs targeting luciferase, 570 
α4, and B56ε. After puromycin selection, the cells were transfected with I-SceI 571 
expression vector. The number of GFP-positive cells was measured 48 h later by 572 
flow cytometry analysis using a FACSCanto. 573 
 574 
Statistical analysis 575 
Data are presented as mean ± SD from three independent experiments. All data 576 
were analyzed using SPSS 13.0. Unless indicated, the differences between two 577 
groups were analyzed using Student’s t-test. The comparisons of frequencies of 578 
micronuclei between groups were performed by one-way ANOVA first and followed 579 
by Dunnett’s t-test. Differences were considered statistically significant at P<0.05. 580 
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Figure legends 787 
Fig 1. Suppression of specific PP2A regulatory subunits leads to persistence of 788 
γ-H2AX. (A) Immunoblotting analysis of γ-H2AX at 12 h after vehicle (DMSO) (C) 789 
or 2 µM CPT treatment (T) in HEK cells expressing shRNAs against each of PP2A 790 
subunits. Suppression of PP2A B subunits was confirmed by immunoblotting with 791 
the indicated antibodies. (B) γ-H2AX levels in HEK expressing the indicated 792 
shRNAs treated with 2 µM CPT for 1 h. Immunoblotting analysis of γ-H2AX was 793 
performed at different time points after removal of CPT. (C) Immunofluorescence 794 
(IF) analysis of γ-H2AX was performed at different time points after CPT treatment 795 
in HEK SHGFP, SHB55α, SHB56γ, SHB56ε, and SHα4 cells. Data are shown as the 796 
mean number of γ-H2AX foci per nucleus ± SEM for three independent experiments. 797 
P<0.05 (*) compared to HEK SHGFP cells, as determined by the Student t-test. 798 
 799 
Fig 2. PP2A B56ε holoenzyme is responsible for γ-H2AX dephosphorylation. (A) 800 
B56ε and α4 interact with γ-H2AX. 48 h post-transfection with HA-tagged B55α, 801 
B56γ, B56ε, or α4 293FT cells were treated with 2 µM CPT for 1 h and allowed to 802 
recover for 5 h. HA-tagged proteins were co-immunoprecipitated (co-IP) with 803 
anti-HA-agarose followed by immunoblotting using anti-γ-H2AX or anti-PP2Ac 804 
antibody. VT refers to empty vector. (B) γ-H2AX forms complexes with different 805 
PP2A subunits. Soluble nuclear fraction was isolated from CPT-treated 293FT cells 5 806 
h after recovery. Co-IP was performed using the indicated antibodies. (C) Wild type 807 
H2AX (WT-H2AX) but not Ser139Ala H2AX mutant (Mut-H2AX) interacts with 808 
PP2A specific subunits. 48 h post-transfection with HA-tagged H2AX 293FT cells 809 
were treated with 2 µM CPT for 1 h and allowed to recover for 5 h. Nuclear fractions 810 
were isolated from CPT-treated cells and HA-tagged H2AX was co-IP with anti-HA 811 
antibody followed by immunoblotting with the indicated antibodies. (D) B56ε 812 
co-localizes with γ-H2AX upon DNA damage. HEK cells expressing HA-tagged 813 
B55α, B56γ, and B56ε were treated with CPT and recovered for the indicated periods 814 
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of time. Immunofluorescence analysis was performed using antibodies against HA-tag 815 
(green) and γ-H2AX (red). The merge ratio of two proteins, B56ε and γ-H2AX in 50 816 
cells was calculated. (E) Cellular distribution of PP2A subunits upon DNA damage. 817 
293FT cells were treated with CPT and allowed to recover at 1 h (T1), 5 h (T5), and 818 
10 h (T10). Expression of the indicated proteins in cytoplasmic and nuclear fractions 819 
of the CPT-treated cells was detected by immunoblotting. GAPDH and lamin B1 were 820 
used as the loading controls for cytoplasmic and nuclear fractions, respectively. 821 
 822 
Fig 3. α4 is essential for recruitment of PP2A B56ε holoenzyme to γ-H2AX foci. 823 
(A) γ-H2AX binds distinct PP2A complexes during DNA repair process. 293FT cells 824 
were treated with CPT and allowed to recover for 1 h, 5 h or 10 h. The nuclear 825 
fractions of CPT-treated cells were subjected to co-IP with antibodies against PP2Ac 826 
or γ-H2AX. (B) PP2A activity in nuclear fraction during DNA repair.  827 
PP2A-attributable activity was detected using mononucleosomes as a substrate in 828 
control cells (C) and cells with recovery for the indicated time points after CPT 829 
treatment. *, P<0.05 compared to the control. Immunoblotting analysis of PP2Ac 830 
and γ-H2AX in mononucleosome isolated from 293FT cells treated with CPT for 1 h. 831 
(C) α4 depletion does not affect subcellular localization of B56ε. HEK SHGFP and 832 
SHα4 cells were treated with CPT (T) or vehicle (DMSO) (C) and allowed to 833 
recover for 5 h. Immunoblotting analysis of the indicated proteins was performed 834 
using cytoplasmic (C) and nuclear fractions (N). (D) Suppression of α4 affects 835 
γ-H2AX/B56ε complexes formation. 48 h after transfection with shGFP or shα4 836 
239FT cells were treated with CPT and recovered for 5 h. Nuclear fractions isolated 837 
from CPT-treated cells were co-IP with antibodies against γ-H2AX or PP2Ac 838 
followed by immunoblotting analysis with the indicated antibodies.  839 
 840 
Fig 4. Loss of PP2A B56ε or α4 impairs DNA repair and increases cell sensitivity 841 
to DNA damage. (A) The degree of DNA damage in CPT-treated cells after 842 
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suppression of specific PP2A subunits was determined by the single-cell gel 843 
electrophoresis (Comet assay). Images were taken under fluorescence microscope 844 
with 100×magnification. The representative images are shown for HEK SHGFP, 845 
SHB56γ, SHB56ε, or SHα4 cells 2 h or 12 h following 2 µM CPT treatments. The 846 
relative comet tail moments (TM) of 75 cells normalized to control cells (C) are 847 
present as mean ± SEM. P<0.05 (*) compared to SHGFP, as determined by Student 848 
t-test. (B) Micronucleus test in HEK SHGFP, SHB56γ, SHB56ε, or SHα4 cells treated 849 
with MMC (0.08 μg/ml) or DMSO for 24 h. The frequency of micronuclei (MN) in 850 
1000 binucleated (BN) cells is presented as mean ± SEM for three independent 851 
experiments. *P<0.05 compared to the SHGFP control, as determined by One-way 852 
ANOVA first and followed by Dunnett’s t-test. (C) The efficiency of I-SceI–induced 853 
NHEJ repair in H1299dA3-1 cells expressing shRNAs specific to GFP, B56γ, B56ε, 854 
or α4. (D) The efficiency of I-SceI–induced HR repair in 293 DR-GFP cells 855 
expressing the indicated shRNAs specific to GFP, B56γ, B56ε, or α4. P<0.05 (*) 856 
compared to SHGFP, as determined by Student t-test. 857 
 858 
Fig 5. Overexpression of PP2A B56ε and α4 cooperates to promote the DNA 859 
repair. (A) Immunoblotting analysis of B56ε and α4 in HEK cells expressing 860 
individual B56ε, or α4, or co-expressing both B56ε and α4 (B56ε-α4). (B) Dynamic 861 
changes of γ-H2AX levels in HEK cells expressing the indicated genes and treated 862 
with 2 µM CPT for 1 h. (C) The Comet assay was performed in these HEK cells. The 863 
relative comet tail moments (TM) of 75 cells normalized to control cells are present as 864 
mean ± SEM. P<0.05 (*) compared to vector, as determined by Student t-test. (D) The 865 
efficiency of I-SceI–induced NHEJ repair in H1299dA3-1 cells expressing indicated 866 
genes. (E) The efficiency of I-SceI–induced HR repair in 293 DR-GFP cells 867 
expressing the indicated genes. P<0.05 (*) compared to Vector, as determined by 868 
Student t-test.  869 
 870 
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Fig 6. Expression of PP2A B56ε or α4 is up-regulated in 871 
carcinogen-transformed hepatocytes and primary human cancers. (A) 872 
Immunoblotting analysis of B56ε or α4 in non-malignant L02 cells, 873 
AFB1-transformed cells (L02RT-AFB1). Fold change of B56ε or α4 levels 874 
normalized to β-actin expression are indicated. (B) Dynamic changes of γ-H2AX in 875 
hepatocytes treated with 2 µM of CPT for 1 h and recovered for different time points. 876 
Fold change of γ-H2AX level normalized to β-actin are indicated. (C) Comet assay 877 
of L02, transformed L02RT-AFB1 cells at 2 h or 12 h following 2 µM CPT 878 
treatments removal. The relative comet tail moments (TM) of 75 cells normalized to 879 
control cells (C) are present as mean ± SEM. P<0.05 (*) compared to L02 cells as 880 
determined by Student t-test. (D) Immunoblotting analysis of B56ε, α4, or γ-H2AX 881 
expression in 14 pairs of HCC samples with matched adjacent non-tumor tissues. 882 
Up-regulation of B56ε, α4, or γ-H2AX levels (T/N) was calculated as the fold of 883 
these proteins in tumor tissues to the adjacent non-tumor tissues using densitometry 884 
analysis after normalization to β-actin. (E) The cell cycle analysis was performed in 885 
cells indicated. The percentage of the G1, S, and G2/M phase in the cell cycle at 8 h 886 
after CPT treatment in HEK cells expressing individual B56ε, or α4, or both 887 
B56ε-α4. The percentages of each phase of the cell cycle were analyzed using 888 
ModFit software. 889 
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